Introduction
In recent years, the need to substitute and repair damaged hard tissues (bone, joints, teeth) has been increasing due to diseases and injuries of the locomotory system, which are relatively widespread in the civilized world. The most frequently used implants are based on metals; for example, the metallic part of the socket and the metallic stem of a total hip prosthesis, anchored to the hip-bone and femur, respectively, or dental implants anchored to the jawbone. In bone implants, primary stability is determined mainly by the shape of the implant and by the quality of the bone preparation. However, the secondary stability depends strongly on the attractiveness of the implant surface for the adhesion, growth and phenotypic maturation of osteoblasts, and the formation of mineralized bone tissue at the bone-implant interface. The attractiveness of an implant for colonization with bone cells can be markedly enhanced by various surface modifications of the implant, e.g., by deposition of nanocomposite and nanostructured films. In this chapter, we summarize more than ten years of experience in our laboratory (in the context of investigations by other authors) of studying the interaction of bone cells in vitro with various types of nanocomposite layers based on carbon and carbon enriched with metalloid or metal atoms. These layers include nanocomposite hydrocarbon plasma polymer (ppCH) films with various concentrations of Ti or Ag, titanium-enriched amorphous carbon (C:Ti), pyrolytic graphite and also novel boron-doped nanocrystalline diamond films, nanostructured hybrid fullerene C60/Ti composite films and carbon nanotube-based substrates. The nanocomposite films are expected to support their colonization with cells particularly by their nanoscale surface roughness, i.e., the presence of irregularities smaller than 100 nm.
Nanocomposite and Nanostructured Carbon-based Films as Growth Substrates For Bone Cells 373 Kromka et al., 2010) . Interestingly, the adhesion, growth, maturation and function of cells on electroactive surfaces are improved even without active stimulation of cells with an electrical current. The underlying mechanism probably includes enhanced adsorption of cell adhesion-mediating proteins, a more advantageous geometrical conformation of these proteins for their accessibility by cell adhesion receptors and facilitation of cellular processes, such as activation of ion channels in the cell membrane, movement of charged molecules inside and outside the cell, upregulated mitochondrial activity and enhanced proteosynthesis (for a review, see Schmidt et al., 1997; Gomez and Schmidt, 2007; Khang et al., 2008; Shi et al., 2008) . Last but not least, the nanocomposite films can significantly increase the mechanical and chemical resistance of the implant surface. In other words, these coatings can prevent the release of ions and material particles from the bulk material. For example, NCD films impermeably covered the underlying silicon substrates, which in their uncoated state acted as highly cytotoxic for cells, and carbon-titanium layers deposited on carbon fiber-reinforced carbon composites significantly attenuated the release of carbon particles from these materials. Thus, all nanocomposite layers mentioned in this chapter are promising for coating biomaterials designed for hard tissue implantation in order to enhance their integration with the surrounding tissue. The potential use of our nanocomposite films for constructing biosensors and biostimulators (boron-doped NCD films) or micropatterned surfaces for regionally-selective cell adhesion and directed cell growth (fullerene C60/Ti composite films) are other promising applications, which are discussed in this chapter.
Hydrocarbon plasma polymers
Plasma polymers (Tab. 1) are materials created from small organic molecules (e.g., methane, n-hexane, acrylic acid, octadiene, tetrafluoroethylene, acetonitrile) by glow discharge, which is usually carried out at low temperatures, low pressures and without solvents. Glow discharge as a source of highly energetic electrons and UV radiation causes ionization, excitation and fragmentation of the monomer molecules employed, creating a number of reactive chemical species, which further participate in crosslinking and formation of quazipolymeric network. Thus, plasma polymers differ from conventional polymers, i.e., materials with chains containing regularly repeated monomer units, by short and randomly branched chains. Plasma polymers usually exist in the form of thin films which can be deposited on various substrates, such as glass, metals, silicon, polystyrene cell culture dishes etc. These films have a broad spectrum of applications, including use in medicine and various biotechnologies (for a review, see Biederman 2004) . For example, plasma polymers have been used for the creation of antibacterial coatings of body implants and other medical devices (Vasilev et al., 2010) , surfaces for studying protein adsorption (Zhang and Feng 2007) , protein interaction (Menzies et al., 2010) , protein separation (Tsai et al., 2003) , and also for immobilization of proteins (Kim et al., 2003) , e.g., enzymes, such as lysozyme (Thierry et al., 2008) or trypsin (Abbas et al., 2009) . Plasma polymer films with immobilized heparin can serve as hemocompatible surfaces preventing blood coagulation . Another broad and advanced application of plasma polymers is the construction of biosensors (Seyama et al., 2004; Chu et al., 2009) . As for interaction with anchorage-dependent cells, plasma polymer films can be constructed as repulsive or attractive for cells. For example, a plasma polymer of methane was constructed to prevent cell and tissue adhesion on contact lenses (Ho and Yasuda 1988) , while plasma polymers of acrylic acid supported the adhesion of epithelial cells on special therapeutic contact lenses designed to transfer these cells onto the denuded rabbit cornea in vitro (Deshpande et al., 2009) . Acrylic acid-based surfaces were used for the creation of cell sheets for tissue engineering (Majani et al., 2010) . Cell-attractive and cell-repulsive plasma polymers have also been combined in order to create micropatterned surfaces for regionallyselective adhesion and directed growth of cells. For example, surfaces containing celladhesive microdomains of tetrafluoroethylene, placed on a cell-repulsive background of tetraethylene glycol dimethyl ether, were used for controlling the shape, degree of spreading, assembly of actin cytoskeleton, phenotypic modulation and proliferation of vascular smooth muscle cells (Goessl et al., 2001) . Similarly, cell-repellent domains of poly(ethylene) oxide-like plasma-deposited films, combined with cell-adhesive poly-Llysine domains, were used for controlled adhesion, arrangement and neurite outgrowth of human neural stem cells derived from umbilical cord blood (Ruiz et al., 2008) . In our earlier study (Filova et al., 2009) , micropatterned surfaces were prepared by the successive plasma polymerization of acrylic acid (AA) and 1,7-octadiene (OD) through a metallic mask on the inner surface of 24-well polystyrene multidishes. A reactor with a cooper radio frequency power source for initiating and sustaining the plasma was used for this procedure. Rat vascular smooth muscle cells (VSMC), bovine endothelial cells (EC), porcine mesenchymal stem cells (MSC) or human skeletal muscle cells (HSKMC) seeded on these surfaces adhered and grew preferentially on hydrophilic strip-like AA domains rather than on hydrophobic OD domains. In addition, both VSMC and EC on AA domains displayed a higher degree of phenotypic maturation. In VSMC, this was manifested by a higher concentration of alphaactin (i.e., an important marker of VSMC differentiation towards the contractile phenotype), measured per mg of protein in cell homogenates by an enzyme-linked immunosorbent assay. In EC on AA domains, immunofluorescence staining showed more apparent WeibelPalade bodies, containing the von Willebrand factor. Also MSC growing on AA domains had a better developed beta-actin cytoskeleton, and also contained a higher concentration of beta-actin per mg of protein (Filova et al., 2009) . Our other earlier studies were focused on composites of hydrocarbon plasma polymers with metals, namely titanium or silver (Bacakova et al., 2008b; Grinevich et al., 2009) . The benefits of composite materials arise from combining materials with very different properties to produce structural or functional properties not present in any individual component. The type and concentration of the metal component in the hydrocarbon plasma polymers, such as silver, molybdenum, nickel, germanium or titanium, significantly influence the optical, electrical and mechanical properties of these composites. Metal/hard carbon plasma polymer thin films have been a special issue among the carbon-based materials, because of their favorable properties such as high hardness, low friction coefficient, high wear resistance, optical transparency and chemical inertness. The advantageous physicochemical properties of these films are important not only for their industrial applications but also for their use in medicine and in various biotechnologies. In our earlier study (Grinevich et al., 2009) , nanocomposite Ti/hydrocarbon plasma polymer (Ti/ppCH) films were deposited by DC magnetron sputtering of a titanium target in nhexane, argon or a mixture of these two gases. The resultant films were heterogeneous with inorganic regions of nanometer scale distributed within a plasma polymer matrix. The titanium content was controlled by adjusting the argon/n-hexane ratio in the working gas. In the pure n-hexane atmosphere, the Ti concentration was found to be below 1 atomic %, www.intechopen.com Nanocomposite and Nanostructured Carbon-based Films as Growth Substrates For Bone Cells 375 whereas in pure argon, it reached 20 ato m i c % , a s r e v e a l e d b y R u t h e r f o r d Backscattering/Elastic Recoil Detection Analysis (RBS/ERDA). A high level of titanium oxidation was detected with TiO 2 , sub-stoichiometric titania and titanium carbide composing an inorganic phase of the composite films. In addition, high hydrogen content was detected in films rich with titanium. As for the interaction with cells, Ti-deficient and Ti-rich films proved to be equally good substrates for adhesion and growth of cultured human osteoblast-like MG 63 cells. In these cells, the population densities on days 1, 3 and 7 after seeding, spreading area on day 1, formation of talin-containing focal adhesion plaques, as well as concentrations of talin and osteocalcin (per mg of protein), were comparable to the parameters obtained in cells on the reference cell culture materials, represented by microscopic glass coverslips or polystyrene dishes. In contrast to our results, the number of rat bone marrow cells in primary or lowpassaged cultures on a similar material, i.e., amorphous hydrogenated carbon with 0 to 13 atomic % of Ti, was significantly increased on Ti-containing samples compared to cells on glass (Schroeder et al., 2000) . In addition, the activity of alkaline phosphatase, an important marker of osteoblastic cell differentiation, tended to be higher in the cells on films with higher Ti concentrations. This disproportion between our results and results of the study by Schroeder et al., (2000) may be explained by a higher sensitivity of primocultured or lowpassaged bone marrow cells to physical and chemical properties of the material surface in comparison with the line MG 63 used in our study, which is tumor-derived, highly passaged and well-adapted to long-term cultivation in vitro conditions. Similar higher sensitivity to the roughness, topography and other physical and chemical surface properties were observed in our earlier study in rat vascular smooth muscle cells (VSMC) in lowpassaged cultures on carbon fiber-reinforced carbon composites (CFRC) coated by a carbontitanium layer. The increase in cell adhesion and growth on Ti-containing surfaces was more pronounced in VSMC than in MG 63 cells (Bacakova et al., 2001b) . However, another cell line, namely bovine pulmonary artery endothelial CPAE cells, reacted sensitively to the presence of Ti in the ppCH films. The cell population densities, cell spreading area and also the concentration of von Willebrand factor, a marker of endothelial cell maturation, were significantly higher in CPAE cells on Ti-rich than on Ti-deficient films. On Ti-rich films, these parameters were also higher or similar in comparison with the reference cell culture materials. The main underlying mechanism of this cell response is probably an increased content of oxygen in the Ti-rich films, which is present in the form of TiO, TiO 2 and oxygen-containing chemical functional groups, such as C-O, C=O and O-C=O. The increased oxygen content leads to a higher wettability of the material surface and improved adsorption of cell adhesion-mediating molecules in a flexible form, enabling good accessibility of specific sites on these molecules by cell adhesion receptor (Bacakova et al., 2000 (Bacakova et al., , 2001a ; for a review, see Bacakova and Svorcik 2008) . Another important factor improving the protein adsorption and cell adhesion is the nanoscale roughness of the material surface, which resembles the nanoarchitecture of the natural extracellular matrix (ECM). However, both Ti-deficient and Ti-rich films in our study (Grinevich et al., 2009) were of similar nano-roughness (root mean square roughness, RMS, was in the range of 1-6 nm), as measured by Atomic Force Microscopy (AFM) on the 1x1 μm images. Thus, both Ti-deficient and Ti-rich hydrocarbon plasma polymer films could be used for coating bone implants, the Ti-rich film also being effective in enhancing the endothelialization of blood contacting artificial materials (Grinevich et al., 2009) . Hydrocarbon plasma polymers (Bacakova et al., 2008b) or amine plasma polymers (Vasilev et al., 2010) have also been combined with silver in order to create antimicrobial surfaces. Silver atoms can bind bacterial DNA, inactivate bacterial proteins, inhibit a number of important transport processes of bacterial cells and interact with cellular oxidation processes, as well as the respiratory chain. Silver has been used as an important component of bioactive wound dressings, eye drops, urinary, vascular and blood dialysis catheters, artificial vascular grafts and heart valves, devices for bone fixation, orthopaedic and dental implants, bone cements, three-dimensional scaffolds designed for engineering various tissues, e.g., bone, and sponges for the potential construction of bioartificial skin (for a review, see Bacakova et al., 2008b , Vasilev et al., 2010 . In comparison with synthetic antibiotics, the advantage of silver is to kill a much wider spectrum of microbes and not to develop resistance. However, the disadvantage is cytotoxicity of silver for mammalian cells, which is based on the inhibitory action of silver on DNA synthesis, damage and loss of cellular proteins, mitochondrial dysfunction, inhibition of adenosine triphosphate synthesis and increased generation of oxygen radicals. Therefore, an ideal silver-loaded material coating should completely inhibit microbial colonization, but allow for the normal adhesion and spreading of mammalian cells. For this purpose, it is necessary to have control over the concentration and release of the silver atoms from the coating. In our earlier study (Bacakova et al., 2008b) , the composite Ag/hydrocarbon plasma polymer films were deposited on microscopic glass slides using an unbalanced planar magnetron with an Ag target (78 mm in diameter) operated in the dc mode in a working gas mixture of n-hexane and argon (pressure 2 Pa, deposition time 10 minutes, magnetron current 0.1 A). The concentration of silver was controlled by the ratio of n-hexane and argon in the working gas mixture. The concentration of silver in the films increased proportionally to the amount of Ar in the working gas mixture, ranging from 0 atomic % to 39 atomic % (i.e., 0, 3, 10, 30 and 39 atomic %), as estimated by RBS/ERDA. On day 1 after seeding, the CPAE cells adhered to the films with 3 and 10 atomic % of Ag in similar numbers, and by similar cell spreading areas as on the control pure hydrocarbon plasma polymer films and glass slides. On day 3 after seeding, the cell numbers on pure hydrocarbon films, films with 3 atomic % of Ag and control glass coverslips reached similar values, only the cell number on films with 10 atomic % of Ag was significantly lower than on the pure hydrocarbon plasma polymer films. Nevertheless, on day 7 after seeding, the cells on pure hydrocarbon films, films with 10 atomic % of Ag and glass coverslips reached similar population densities, and on the films with 3 atomic % of Ag, this value was even significantly higher than on Ag-free films. The CPAE cells on films with 3 atomic % of Ag developed confluent layers of a cobblestone-like pattern, typical for mature endothelium, and contained well-apparent Weibel-Palade bodies with the von Willebrand factor, a marker of endothelial cell maturation. Moreover, immunofluorescence staining of the cells on films with 3 atomic % of Ag showed numerous and bright dot-like vinculin-containing focal adhesion plaques, which were even more apparent than on the control pure hydrocarbon plasma polymer films and glass (Fig. 1) . Similar results were obtained in a rat mast cell line RBL-2H3 exposed to subtoxic concentrations of Ag + ions ranging from 10 to 100 µM, which induced degranulation and the release of histamine and leukotrienes via activation of focal adhesion kinase (Suzuki et al., 2001) . Adhesion of vascular endothelial cells was also enhanced on polystyrene implanted with Ag -ions (Sato et al., 1999) . However, this effect seemed to be due to the degradation of the polymer by the ion bombardment followed by the polymer oxidation and the increase in its wettability, rather than due to a direct action of Ag -ions entrapped in the polymer structure. Nevertheless, a moderate surface wettability of our surfaces with 3 atomic % of Ag (static water drop contact angle ~67°) could also contribute to the good cell adhesion on these surfaces in our study (Bacakova et al., 2008b) . Another supportive factor was the nanoscale roughness of the Ag-containing surfaces. Transmission Electron Microscopy (TEM) revealed that Ag formed dark nanoclusters randomly dispersed in a lighter plasma polymer matrix (Fig. 1) , and their diameter increased from 4 nm to 20 nm. However, at higher silver concentrations (30 and 39 atomic %), the supportive effects of the substrate nanostructure on its colonization with CPAE cells was disabled by the cytotoxicity of silver. On these films, the cells adhered at very low initial numbers, did not spread and usually died before day 7 of cultivation. As for the antibacterial effects of the silver-containing films, all these films, including those with the lowest Ag concentration (i.e., 3 atomic %), attenuated the growth of E. coli. The number of bacteria in wells (with glass coated with Ag-containing films) did not change significantly during 6 hours after inoculation, whereas the values on pure polystyrene dishes or on pure hydrocarbon polymer films increased by at least one order of magnitude after a 4-hour cultivation (Fig. 2) . Similar results were obtained in a study by Vasilev et al., (2010) , performed on n-heptylamine plasma polymer (HApp) loaded with silver nanoparticles (at a concentration of 500 ng/cm 2 ) and coated with additional HApp films of various thicknesses, controlling the rate of release of silver atoms from the material. These films allowed for the www.intechopen.com adhesion and growth of human SaOs-2 osteoblastic cells, while the colonization of the films with Staphylococcus epidermidis was markedly attenuated and even disabled. However, it should be taken into account that for cultivation of mammalian cells, such as endothelial cells or osteoblasts, media supplemented with foetal bovine serum are used, while bacteria are usually incubated in a medium without serum. For example, in our study (Bacakova et al., 2008b) an LB medium, containing bacto-tryptone (10 g/l), bacto-yeast extract (5g/l) and NaCl (10g/l) in H 2 O was used. It has been reported that the serum supplement of the culture media has protective effects against the cytotoxic action of silver (Hidalgo et al., 1998; Sun et al., 2006) . Thus, the promising results obtained in both studies by Bacakova et al. (2008b) and Vasilev et al. (2010) should be further investigated, particularly using the culture media of the same chemical composition for both mammalian and bacterial cells.
Amorphous carbon
Amorphous carbon, also referred to as diamond-like carbon (DLC; Tab. 1), possesses a number of favourable properties, such as high hardness, a low friction coefficient, chemical inertness and high corrosion resistance, which is due to its particular structure, i.e., cohabitation of the sp 2 and sp 3 phases (for a review, see Chai et al., 2008) . These properties make DLC, especially in the form of thin films, attractive for various biomedical applications, particularly for hard tissue surgery, such as orthopaedics and stomatology. For example, DLC has been deposited on the articular surfaces of artificial joint replacements (Santavirta 2003) , dental prostheses or orthodontic archwires (Kobayashi et al., 2007) in order to improve the resistance of these devices against wear, corrosion, debris formation and release of metallic ions, which can act as cytotoxic, immunogenic or even carcinogenic materials. In addition, due to their bioinertness, DLC films were also found to be suitable for cardiovascular applications, mainly as protective coatings of blood-contacting devices (intravascular stents, mechanical heart valves, pumps) in order to prevent hemocoagulation, thrombosis and inflammatory reaction on these surfaces (Monties et al., 1994; Tran et al., 1999 ; for a review, see Roy and Lee 2007) .
However, DLC films can also act as bioactive substrates for the adhesion and subsequent growth of osteogenic cells, and thus they could be used as a protective coating for the boneanchoring parts of joint prostheses, in which strong and quick integration with the surrounding bone tissue is required. In a study by Chai et al. (2008) , DLC films were deposited on silicon substrates by Plasma-Enhanced Chemical Vapor Deposition (PECVD) using methane (CH 4 ) as a precursor gas. In order to improve their mechanical properties, some DLC films were deuterated, i.e., deposited using deuterated methane (CD 4 ) as a precursor gas. All surface treatments were performed under two different self-bias voltages (V sb ): -400 and -600V. DLC coatings prepared under the V sb of -600V in pure methane (600CH 4 ) or in pure deuterated methane (600CD 4 ), significantly increased the proliferation rate of mouse osteogenic MC3T3-E1 cells compared to a pure Si substrate. Scanning Electron Microscopy (SEM) observations confirmed that the optimal cell adhesion behavior also occurred on the surface of the 600CH 4 and 600CD 4 groups of DLC, where the cells showed increased amounts of filopodia and microvilli, allowing a higher cell-environment exchange. Surprisingly, the mentioned DLC surfaces were relatively highly hydrophobic, having total surface energy and its polar component significantly lower than the values obtained on bare silicon substrates. It is generally accepted that the cell proliferation is optimal on moderately hydrophilic and polar surfaces, which enable adsorption of cell adhesion-mediating extracellular matrix molecules (such as vitronectin, fibronectin, collagen, laminin) in appropriate geometrical conformations, allowing accessibility of specific sites on these molecules to cell adhesion receptors (Chai et al., 2008; Coelho et al., 2010) . In accordance with this proposition, the number and spreading of MG 63 cells was higher on micropatterned silicon substrates (grooves of 4, 8 and 10 µm in width) and coated with Ti, which were more hydrophilic and of a higher surface energy than the corresponding micropatterned substrates coated with DLC (Ismail et al., 2007) . Also the addition of Ti into DLC films enhanced their attractiveness for cell colonization. In our earlier study (Bacakova et al., 2001b) , an amorphous carbon film enriched with Ti was used for coating carbon fiber-reinforced carbon composites (CFRC), i.e., a material which has been considered as promising for the construction of bone and dental implants. However, the surface roughness of CFRC is relatively high to enable optimal adhesion and growth of cells. As revealed by SEM, this was due to carbon fibers prominent over the carbon matrix. Another important problem is a tendency of CFRC to release particles, which is due to the relative brittle nature of the carbon matrix as well as carbon fibers. A possible solution of these problems may consist in covering the material surface with a mechanically resistant and highly biocompatible layer. Therefore, CFRC were covered with a carbon-titanium layer, prepared by the PECVD method using unbalanced d.c. planar magnetron sputtering (2 x 4 kW, substrate temperature about 260 o C) of a carbon poisoned titanium target in an acetylene-argon gas mixture at a total pressure of roughly 4 x 10 -3 mbar. First, a metallic film (about 1 µm in thickness) was deposited by sputtering the metal target in pure argon and then C 2 H 2 gas was added successively, giving a C:Ti film of at least 3.3 µm thickness. In this way, a layer consisting of a mixture of carbon and titanium atoms was created with an amorphous or very fine crystalline ("nanocrystalline") structure and with a gradually decreasing content of metal atoms from substrate to the surface. Clearly, the layer (and especially the layer surface) contains a large number of free bonds. These bonds cause strong adhesion of the layer to a substrate with a chemically very active surface. The CFRC were then seeded with human osteoblast-like cells of the MG 63 line (passage 100) and vascular smooth muscle cells (i.e., another cell type present in the bone tissue), isolated from the rat aorta (passage 9). On day 1 after seeding, both cell types adhered at higher numbers. From days 1 to 4 the cells exhibited shorter population doubling times. As a result, on day 4 after seeding, the cells attained higher population densities, volume and protein content. Since the surface roughness of CFRC was not significantly changed by the coating with the carbon-titanium layer, the beneficial effects of this coating on cell colonization could be explained by spontaneous oxidation of Ti and C in the cell culture system, including the formation of titanium oxides and oxygen-containing chemical functional groups. These features are known to enhance cell adhesion and growth (He et al., 2008; Sawase et al., 2008) and attract phosphate and calcium ions (Toworfe et al., 2006; Rakngarm et al., 2008) , which facilitate bone tissue formation and bonding between the artificial implant and bone. Interestingly, the improvement of cell colonization by the C:Ti film was more pronounced in VSMC than in MG 63 cells, which was probably due to a different sensitivity of low-passaged cells and cell line to the physicochemical properties of the material surface. In addition, the release of carbon particles from the CFRC composites was significantly decreased (24 times) in the coated samples, and this effect was further enhanced by polishing the CFRC with colloidal SiO 2 (the particle release was decreased 42 times in polished + covered samples). Moreover, polishing the CFRC markedly improved the cell spreading on the material surface (Fig. 3) . These results show that both polishing and carbon-titanium covering significantly improve the biocompatibility of CFRC composites in vitro, especially when these two modifications are combined (Bacakova et al., 2001b) . Similar positive results were obtained in a study by Schroeder et al. (2000) , where the hardness and inertness of a-C:H films were also combined with the biological acceptance of titanium. Different amounts of titanium of various concentrations, ranging from 7 to 24 atomic %, were incorporated into a-C:H films by a combined radio frequency (rf) and magnetron sputtering set-up. The X-ray Photoelectron Spectroscopy (XPS) of air-exposed a-C:H/Ti films revealed that the films were composed of TiO 2 and TiC embedded in and connected to an a-C:H matrix. Cell culture tests using primary bone marrow cells (BMC), derived from adult rat femora, revealed that the relative cell number, expressed as total DNA content per culture sample, was significantly increased on a-C:H with 10 and 13 atomic % of Ti compared with BMC cultures grown on glass. On all tested materials, i.e., a-C:H, a-C:H/Ti and control glass coverslips, BMC were able to differentiate to osteoblasts and osteoclasts, as revealed by measurements of the activity of alkaline phosphatase (ALP) and tartrate resistant acid phosphatase (TRAP), respectively. No significant differences in osteoblast differentiation on a-C:H, a-C:H/Ti and control glass coverslips were detected. However, the TRAP activity of osteoclast was lower on a-C:H with Ti than on the pure a-C:H. This decrease of osteoclast activity can be considered as a favourable result, i.e., an indicator for reduced inflammatory cell development (since osteoclast-like cells are derived from the monocyte family). Even in the form of particles added to BMC cultures, a-C:H and a-C:H/Ti did not significantly stimulate the osteoclast-related TRAP activity (Bruinink et al., 2005) . In addition, the Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) measurements of culture media exposed to titanium containing a-C:H films showed that no titanium was dissolved from the films after one week under cell culture conditions (the detection limit for the ICP-OES method is 0.05 mg l -1 , i.e., 1.043 μmol l -1 ; (Schroeder et al., 2000) . Thus, it can be concluded that a-C:H/Ti could be a valuable coating for bone implants by supporting bone cell proliferation, reducing osteoclast-like cell activation and bone resorption, and providing chemical stability to the implant surface.
A1
A2 A3 B1 B2 B3 C1 C2 C3 Fig. 3 . Morphology of human osteoblast-like MG 63 cells on day 1 after seeding on control untreated CFRC composites (A1), CFRC composites ground by metallographic paper of 4000 grade (A2), CFRC composites ground with metallographic paper of 4000 grade, covered with pyrolytic graphite, ground by metallographic paper of 4000 grade and polished by diamond paste of 3/2 grade (A3). B1, B2, B3 represent A1, A2, A3 covered with a-C:H, and C1, C2, C3 are A1, A2, A3 covered with Ti-C:H layer. The cells were visualized by immunofluorescence staining of a cytoskeletal protein beta-actin, the nuclei were counterstained with propidium iodide. Olympus IX 51 microscope, obj. 20x, DP 70 digital camera, bar = 100 µm.
Also other C-and Ti-containing multicomponent coatings for load-bearing medical applications have been developed, such as the systems Ti-
and Ti-Nb-C-(N). These films were deposited on various substrates, such as single crystal silicon (100), stainless steel, titanium alloy, glass coverslips and Teflon, by DC magnetron sputtering (atmosphere of Ar or mixture of Ar and N) from composite targets, which were manufactured by means of self-propagating high-temperature synthesis (Shtansky et al., 2005) . The films showed high hardness in the range of 30-37 GPa, significantly reduced Young's Modulus, low friction coefficient down to 0.1-0.2 and low wear rate in comparison with conventional magnetron-sputtered TiC and TiN films. The adhesion and proliferation of cultured cells (i.e., rat liver epithelial IAR-2 cells and Rat-1 embryonic fibroblasts), measured by cell numbers, were similar on all films and uncoated substrata. Only the cells cultivated on the Ti-Zr-C-O-(N) and Ti-Nb-C-(N) films disturbed www.intechopen.com
Nanocomposite and Nanostructured Carbon-based Films as Growth Substrates For Bone Cells 383 their actin cytoskeleton, which was manifested by the disappearance of circumferential actin bundles in IAR-2 cells and irregular short and thin actin bundles in the cytoplasma of Rat-1 fibroblasts. Nevertheless, the assessment of the population of cells covering the Teflon plates coated with the Ti-Ca-C-O-(N) and Ti-Zr-C-O-(N) films after 16 weeks of subcutaneous implantation into mice revealed a high biocompatibility level of tested films and the absence of inflammatory reactions (Shtansky et al., 2005) . Other related materials promising for protective, tribological and load-bearing coatings of medical devices include nanostructured and nanocomposite binary (TiC-a:C), quaternary (Ti-B-C-N) and quinternary (Ti-Si-B-C-N) multicomponent films, prepared using unbalanced magnetron sputtering and closed field unbalanced magnetron sputtering from both elemental and composite targets (Lin et al., 2009) . Other nanocomposite films were based on nanocrystalline phases of metals and ceramics (Mo, Si, Al, Ti), embedded in an amorphous carbon matrix, and carbide-forming metal/carbon (Me/C) composite films (Me = Mo, W or Ti) deposited by a hybrid technique using Physical Vapor Deposition (PVD; magnetron sputtering) and PECVD, by the use of CH 4 gas (Teixeira et al., 2009 ). Ti-TiCTiC/DLC gradient films have been prepared by plasma immersion ion implantation and deposition (PIIID) combined with PECVD (Zheng et al., 2008) . All the mentioned films were usually characterized by excellent mechanical properties, particularly high hardness, low friction coefficient, high wear-resistance, improved adherence to the substrate and fracture toughness, corrosion resistance, and were constructed in order to overcome the limitations of pure DLC films.
Nanodiamond
From all nano-sized carbon allotropes, diamond (Tab. 1) can be considered as the most advantageous material for advanced biomedical and biosensoric applications, which is mainly due to the absence of its cytotoxicity, immunogenicity and other adverse reactions (Schrand et al., 2007; Huang et al., 2008; Grausova et al., 2009a,b; Rezek et al., 2009 ; for a review, see Bacakova et al., 2008a) . Other remarkable properties of nanodiamond, enabling its application in biotechnologies and medicine (particularly in hard tissue surgery), are high hardness, a low friction, and also high chemical, thermal and wear resistance. In our earlier studies and in studies by other authors, nanodiamond has proven itself as an excellent substrate for the adhesion, growth, metabolic activity and phenotypic maturation of several cell types in vitro, including osteogenic cells (Schrand et al., 2007; Amaral et al., 2008; Grausova , 2009a Kalbacova et al., 2009) . The beneficial effects of the nanodiamond layers on cell colonization lie in their nanoscale surface roughness (i.e., the size of irregularities less than 100 nm), which support the adsorption of cell-adhesionmediating molecules in the appropriate geometrical conformation, enabling exposure of bioactive sites in these molecules (e.g., specific amino acid sequences such as RGD, KRSR etc.) to the cell adhesion receptors. In contrast, the adhesion of human osteoblasts was attenuated on microcrystalline diamond layers (Yang et al., 2009) . The nanodiamond layers also acted as suitable platforms for the adhesion of mammalian neurons, neurite outgrowth and the formation of excitable neuronal networks in vitro, which have great potential for chronic medical implants (Thalhammer et al., 2010) . In studies in vivo, diamond layers, deposited on Ti6Al4V probes and implanted into a rabbit femur, showed very high bonding strength to the metal base as well as to the surrounding bone tissue, and prevented material corrosion (Rupprecht et al., 2002) . Nanocrystalline and multilayer diamond thin films were also used for coating the heads and cups of an artificial temporomanibular joint made of Ti6Al4V alloy (Papo et al., 2004) . Another advantageous property of diamond and/or nanodiamond is its ability to bind various biological molecules, which can be utilized for sensing, detecting, separating and purifying these molecules (Bondar et al., 2004; Kong et al., 2005; Rezek et al., 2007) . Nanocrystalline diamond (NCD) films used in our earlier studies also proved to be an impermeable coating preventing adverse effects of the underlying substrate on cell colonization. For deposition of NCD films , we used (100) oriented silicon substrates. Uncoated substrates acted cytotoxically on human osteoblast-like MG 63 cells and bovine pulmonary artery endothelial CPAE cells. On day 1 after seeding, both cell types adhered to silicon substrates in significantly lower numbers than on NCD films, control polystyrene dishes and microscopic glass coverslips. On day 5 after seeding, no MG 63 cells and few CPAE cells were detected on these substrates, while the cells on NCD films grew to similar cell population densities as on the reference polystyrene dishes and glass . An interesting issue is doping of NCD films with boron. This doping renders the NCD films electroconductive (Gajewski et al., 2009) . Boron-doped NCD films have been applied in electronics and sensorics, e.g., for the construction of sensors for DNA hybridization , bacteria (Majid et al., 2008) or glucose . However, little is known about the influence of boron-doped NCD films on the adhesion, growth, differentiation and function of osteogenic cells, and thus on their potential use as a substrate for bone tissue regeneration.
In our earlier studies, the nanocrystalline diamond films (NCD) were deposited on glass (Kopecek et al., 2008) or silicon substrates (Kromka et al., 2010) by a microwave plasmaenhanced CVD process. Boron doping was achieved by adding trimethylboron (TMB) to the gas mixture, and the B:C ratio varied from 100 to 6700 ppm. The study by Kromka et al. (2010) revealed that the increase in the number of human osteoblast-like MG 63 cells in 7-day-old cultures was most apparent on NCD doped with 133 and 1000 ppm of B than on films with 6700 ppm of B. At the same time, the cells on NCD with 6700 ppm of B developed large and numerous focal adhesion plaques containing talin (Fig. 4) , and contained the highest concentration of focal adhesion protein vinculin. Both features are indicators of firm cell-substrate adhesion, which was probably enabled by the flattest appearance of the nanodiamond crystals on films doped with 6700 ppm of B. It has been reported that cell proliferation activity is the highest at intermediate cell-substrate adhesion strength (for a review, see Bacakova et al., 2004; Bacakova and Svorcik 2008) . If this strength is relatively high, the cells slow down their proliferation activity and enter the differentiation program. In accordance with this, the cells on NCD films doped with 6700 ppm of B contained one of the highest concentrations of osteocalcin (i.e., a calcium-binding non-collagenous ECM protein and an important marker of osteogenic cell differentiation), which was significantly higher than the value on non-doped NCD and on the control polystyrene cell culture dishes. Similar results were also obtained in the study by Kopecek et al. (2008) performed on NCD films doped with 3000 ppm of B, where MG 63 cells were less numerous on boron-doped NCD films than on non-doped NCD films, but they were more intensely immunofluorescently stained against osteocalcin. The beneficial effects of boron-doping on cell colonization of NCD films can be attributed to the electroactivity of these films. The electrical resistivity of the films decreased from >100 MΩ (non-doped films) to 100, 2, and 0.4 kΩ in films doped with 133, 1000 and 6700 ppm of B. In addition, Kelvin Force Microscopy revealed that the surface potential of NCD films increased proportionally to the boron concentration, i.e., from +19 ± 10 mV in non-doped films to +27 ± 26 mV, +112 ± 19 mV and +97 ± 34 mV in films with 133, 1000 and 6700 ppm of B, respectively (Kromka et al., 2010) . It is known that electroactive surfaces stimulate the adhesion, growth and specific functions of cells even without their active stimulation with electrical current. For example, Schwann cells cultured on electrically conductive melanin films accelerated their proliferation, and rat pheochromocytoma PC12 cells enhanced extension of their neurites (Bettinger et al., 2009) . Similarly, composite nanofibers made of electrically conductive polyaniline blended with poly(L-lactide-co-epsilon-caprolactone) enhanced the adhesion and proliferation of C2C12 murine skeletal muscle myoblasts, as well as their differentiation towards myotubes (Jeong et al., 2008; Jun et al., 2009) . The mechanisms of the positive effects of electroactive materials on cell colonization and function (which can be further enhanced by additional electrical stimulation of cells through the materials) have not yet been fully elucidated and systemized. These mechanisms probably include enhanced adsorption of cell adhesion-mediating ECM proteins from biological environments, a more advantageous geometrical conformation of these proteins for their accessibility by cell adhesion receptors, redistribution of cell membrane growth factors and adhesion receptors or cytoskeletal proteins such as actin, activation of ion channels in the cell membrane, followed by cell depolarization, hyperpolarization or generation of action potential, movement of charged molecules inside and outside the cell, upregulated mitochondrial activity and enhanced protein synthesis (for a review, see (Schmidt et al., 1997; Gomez et al., 2007; Khang et al., 2008; Shi et al., 2008) .
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Another factor contributing to better performance of MG 63 cells on B-doped films could be the slightly increased RMS surface roughness of these films (RMS from 25 to 30 nm versus 19 nm on non-doped films; Kromka et al., 2010) . Similarly, in a study by Kalbacova et al. (2007) , the metabolic activity of SaOs-2 osteoblasts, measured by the activity of dehydrogenases in these cells, increased with increasing surface roughness of O-terminated NCD films (RMS from 11 to 39 nm). Direct action of boron on the cell metabolism is less probable, because boron atoms are strongly bound in the NCD lattice or around the grain boundaries, and their release is very limited, even at very high temperatures combined with a vacuum and a strong electrical field, i.e., conditions not occurring in biological environments (for a review, see Kopecek et al., 2008) . All these results indicate that the NCD films provided very good supports for colonization with osteogenic cells. The potential of these films for bone tissue regeneration can be further enhanced by boron-doping, which can be explained by the electroactivity (i.e., electrical conductivity and changes of surface electrical potential) of boron-doped NCD films. Boron-doped diamond films have also been used for the construction of patterned surfaces for regionally-selective adhesion and guided growth of cells. In a recent study by Marcon et al. (2010) , the boron-doped polycrystalline diamond was prepared from a B 2 H 6 /CH 4 /H 2 source gas mixture by Hot Filament-Assisted Chemical Vapour Deposition (HFCVD). These substrates were then patterned with stripe-like hydrophilic microdomains with oxygen containing chemical functional groups or amine groups (water drop contact angle of 4° and 53°, respectively) and hydrophobic microdomains terminated with hydrogen or methyl-, trifluoromethyl-and vinyl-groups (contact angle from 92° to 114°). Human osteosarcoma U2OS and mouse fibroblast L929 cells preferentially colonized the hydrophilic domains, forming confluent arrays with distinguishable edges separating the hydrophobic alkyl regions. Similar results were obtained with human osteosarcoma SaOs-2 cells in cultures on NCD films patterned with hydrophilic O-terminated and hydrophobic H-terminated domains (Kalbacova et al., 2008) . The micropatterned diamond-based surfaces have a great potential for the development of biosensors, biostimulators, construction of cell microarrays for advanced genomics and proteomics and also for tissue engineering. In addition, the size and shape of the adhesive domains can be utilized for regulation of the cell spreading, which has a strong influence on further cell behaviour, e.g., switching between apoptosis and proliferation or proliferation and differentiation programs (for a review, see Bacakova et al., 2004; Bacakova and Svorcik 2008) .
Graphite
Graphite is one of the most common allotropes of carbon (named by Abraham Gottlob Werner in 1789 after the Greek word graphein, i.e., "to draw/write", for its use in pencils). Graphite is the most stable form of carbon under standard conditions; it is an electrical conductor, and can be used, for instance, as the material in the electrodes of an electrical discharge. However, despite its electrical conductivity, which is usually associated with the stimulatory effects on cell colonization and functioning, unmodified graphite is rather bioinert, i.e., less adhesive for cells . It is due to a relatively low ability of graphite to adsorb cell adhesionmediating proteins from the serum supplement of the culture medium Li et al., 2009a) and also bone morphogenetic proteins (BMP), such as BMP-2, a factor promoting the osteogenic cell differentiation (Li et al., 2009b) . As a result, graphite compacts allowed the attachment of mouse myoblastic C2C12 cells in significantly lower numbers compared to www.intechopen.com
Nanocomposite and Nanostructured Carbon-based Films as Growth Substrates For Bone Cells 387 carbon nanotube compacts, which showed a significantly high capability to adsorb proteins. The C2C12 cells then proliferated more slowly, and contained a lower amount of alkaline phosphatase and total protein (Li et al., 2009a) . A similar response was found in human osteosarcoma SaOs-2 cells, which attached and proliferated much worse on graphite than on single-and multi-walled carbon nanotube films . In addition, SaOs-2 cells cultured on graphite showed a lower expression of osteonectin, osteopontin and osteocalcin, i.e., markers of osteogenic cell differentiation, and a lower content of alkaline phosphatase and total protein after pre-soaking both graphite and nanotube compacts in the culture medium with BMP-2 (Li et al., 2009b) . In our earlier studies, graphite was prepared by pyrolysis, i.e., by a process defined as thermochemical decomposition of organic material at elevated temperatures (above 430 °C) in the absence of oxygen. However, in practice it is not possible to achieve a completely oxygen-free atmosphere. Because some oxygen is present in any pyrolysis system, a small amount of oxidation occurs. In our experiments, carbon fiber-reinforced carbon composites (CFRC) were coated with pyrolytic graphite by decomposition of butane in a mixture with N 2 at a pressure of 4 Pa, a temperature of 1900 °C and for 300-400 minutes. This coating increased the number of human osteoblast-like MG 63 cells on days 1 and 3 after seeding, and shortened the cell population doubling time compared to uncoated composites (Stary et al., 2002) . These results could be attributed to the presence of oxygen-containing chemical functional groups (e.g., hydroxyl, carbonyl, carboxyl) on the pyrolytic graphite films (Stary et al., 2003) . It is known that these groups promote cell adhesion and growth by increasing the polarity, and wettability of the material and thus its attractiveness for adsorption of celladhesion mediating molecules (Bacakova et al., 2001a) . At the same time, the surface roughness and topography, measured by the parameters R a (departures of the roughness profile from the mean line), R q (root mean square deviation of the assessed profile) and S (the mean spacing of the adjacent local peaks), was not significantly changed by coating CFRC by pyrolytic graphite (Stary et al., 2002 (Stary et al., , 2003 . Graphite has also been used in three-dimensional systems as a component of various composite materials used for construction of bone implants. For example, carbon/graphite fibers were used for reinforcing poly(methylacrylate) implants designed for reconstruction of the maxilla damaged by malignant tumors (Ekstrand and Hirsch 2008) . Graphite fibers were also applied for reinforcing of polyetheretherketone (PEEK) for construction of composite hip joint prostheses (Yildiz et al., 1998a,b) . Unlike some other carbon allotropes, namely fullerenes and nanotubes, graphite is not cytotoxic. The cell viability tests, performed on human epithelial L132 cells (colony-forming method) and mouse osteoblast-like MC3T3-E1 cells (staining with Blue Alamar dye) showed excellent cytocompatibility of graphite powder (Hornez et al., 2007) . Only pyrolytic carbon (i.e., carbon more or less similar to graphite prepared by pyrolysis, which has lost its lubrication properties due to a large number of crystallographic defects), showed some tendency to induce inflammatory or hyperplastic reactions. Coating polyethylene terephthalate (PET) with pyrolytic carbon induced expression of mRNAs specific for platelet-derived growth factors (PDGF-A, PDGF-B) and transforming growth factors (TGF-β1 and TGF-β2) in human umbilical vein endothelial cells (HUVEC) cultured on this substrate, but did not change expression of mRNA for interleukin-6 (Cenni et al., 2000) . As determined by flow cytometry, pyrolytic carbon coating on PET did not increase the percentage of cells positive for platelet endothelial cell adhesion molecule-1 (PECAM-1), endothelial leukocyte adhesion molecule-1 (ELAM-1), intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), nor the intensity of fluorescence of these molecules (Cenni et al., 1995) . However, in experiments in vivo, pyrolytic carbon and pyrolytic graphite/silicon-carbide, implanted into rabbit mandibles, induced fibrous capsule formation and infiltration with multinucleated phagocytic cells (Maropis et al., 1977) . On the other hand, similarly as the amorphous hydrogenated carbon, pyrolytic carbon (particularly in the form of so-called Low Temperature Isotropic pyrolytic carbon, LTI) has been used as a coating for commercially available blood contacting devices, such as artificial heart valves (Kwok et al., 2004; Jackson et al., 2006) , in order to prevent hemocoagulation and thrombus formation on these devices, although its hemocompatibility was not ideal. LTI has been also used in orthopedic applications, namely for construction of joint replacements, because it has been reported to reduce the cartilage wear (Bernasek et al., 2009) . In addition, when deposited on CFRC composites, pyrolytic carbon supported proliferation of embryonal human lung fibroblasts of the line LEP, particularly if the composites were polished after coating (Pesakova et al., 2000) . Also in our studies performed on CFRC, coating with pyrolytic graphite combined with polishing the material surface increased spreading and subsequent growth of human osteoblast-like MG 63 cells (Stary et al., 2002 (Stary et al., , 2003 Figs. 3, 5) 
Fullerenes
Fullerenes were discovered, prepared and systemized by Kroto et al. (1985) . These spheroidal molecules are made exclusively of carbon atoms (e.g., C 60 , C 70 ) and display a diverse range of biological activity. Their unique hollow cage-like shape and structural analogy with clathrin-coated vesicles in cells support the idea of the potential use of fullerenes as drug or gene delivery agents. For example, a fullerene derivative, namely bisphosphonate fullerene C 60 (OH) 16 AMBP, i.e., (4,4-bisphosphono-2-(polyhydroxyl-1,2-dihydro-1,2-methanfullerene 60 -61-carboxamido) butyric acid) has been shown to have a strong affinity for the bone tissue, which is due to binding sites of this compound for hydroxyapatite. Thus, this bone-vectored fullerene derivative could be used as a carrier for radionuclides or other drugs for selective therapy of bone tumors (Gonzales et al., 2002) . Other biological activities of fullerenes arise from their reactivity, due to the presence of double bonds and bending of sp 2 -hybridized carbon atoms, which produces angle strain. Fullerenes can act either as acceptors or donors of electrons. When irradiated with ultraviolet or visible light, fullerenes can convert molecular oxygen into highly reactive singlet oxygen. Thus, they have the potential to inflict photodynamic damage on biological systems, including damage to cellular membranes, inhibition of various enzymes or DNA cleavage. This harmful effect can be exploited for photodynamic therapy against tumors (Liu and Tabata 2010) , viruses including HIV-1 (Marchesan et al., 2005) and broad spectrum of bacteria and fungi . On the other hand, C 60 is considered to be the world's most efficient radical scavenger. This is due to the relatively large number of conjugated double bonds in the fullerene molecule, which can be attacked by radical species. Thus, fullerenes would be suitable for applications in quenching oxygen radicals, and thus preventing inflammatory and allergic reactions (Dellinger et al., 2009 ) and damage of various tissues and organs, including the lung (Chen et al., 2004) , blood vessels (Maeda et al., 2008 ) and brain (Tykhomyrov et al., 2008; Lao et al., 2009) . Fullerenes also protected epithelial cells in vitro from anoikis, i.e., apoptosis due to adhesion deprivation, by a mechanism supporting the formation of focal adhesion plaques, assembly of the actin cytoskeleton and cell spreading, which was also attributed to the antioxidative action of fullerenes (Straface et al., 1999) . Recently, several derivatives of fullerenes C 60 were synthesized, e.g., glutathione C 60 , betaalanine C 60 , cystine C 60 or folacin C 60 (Hu et al., 2007a,b,c; , and were proven to have a protective activity against oxidative stress in rat pheochromocytoma PC12 cells, induced by treatment of these cells with hydrogen peroxide and leading to apoptotic death of unprotected cells. In addition, fullerenes emit photoluminescence which could be utilized in advanced imaging technologies for diagnostics of various diseases, e.g., cancer (Levi et al., 2006) . For a more detailed review of biological effect of fullerenes and their derivatives, see our earlier studies (Bacakova et al., 2008a , Grausova et al., 2009c .
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Our earlier studies were focused on fullerenes deposited in the form of thin films for cell cultivation, because relatively little is still known about the behaviour of cells when fullerenes act as their growth supports. For this purpose, fullerenes C 60 (purity 99.5 %, SES Research, USA) were deposited onto microscopic glass coverslips by evaporation of C 60 in the Univex-300 vacuum system (Leybold, Germany) in the following conditions: room temperature of the substrates, C 60 deposition rate 1 Å/s, temperature of C 60 evaporation in the Knudsen cells about 450º C. The thickness of the layers increased proportionally to the temperature in the Knudsen cell and the time of deposition. As revealed by AFM, the layer thickness was 505 ± 43 nm and 1090 ± 8 nm. The Raman spectroscopy showed that the fullerene films were prepared with high quality, i.e., without fragmentation and graphitization. After sterilization of the fullerene films with ethanol, which was necessary for cell cultivation, some of the C 60 molecules reacted with oxygen or polymerized (Grausova et al., 2009c,d) . The fullerene-coated glass coverslips were then inserted into 24-well polystyrene multidishes (TPP, Switzerland), seeded with human osteoblast-like MG 63 cells and incubated in Dulbecco's modified Eagle's Minimum Essential Medium supplemented with 10% fetal bovine serum. On day 1 after seeding, the cells on both thin and thick fullerene layers adhered at similar numbers, comparable to the values found on standard cell culture substrates, represented by the tissue culture polystyrene dishes and microscopic glass coverslips. However, the cell spreading area (i.e., the cell area projected on the material) was significantly smaller on both thin and thick fullerene films, which could be attributed to a relatively high hydrophobicity of these films (sessile water drop contact angle from 97 ± 2° to 101 ± 7°). Nevertheless, between days 1 to 5 after seeding, the cells on both thin and thick C 60 films proliferated with similar and relatively short cell population doubling times (about 19 hours) as the cells on polystyrene and glass, and on day 5, the cells on all tested substrates reached similar cell population densities. The cells on the fullerene layers were of normal polygonal or spindle-like shape, they were homogeneously distributed on the material surface and on day 7 after seeding, they practically reached confluence (Grausova et al., 2009c; Fig. 6 ). Thus, the fullerene C 60 layers in our study were colonized with human osteoblast-like MG 63 cells to a similar extent as standard cell culture polystyrene dishes. We considered this result rather surprising, because many studies have reported cytotoxic and even genotoxic effects of fullerenes (Xu et al., 2009; Johnson-Lyles et al., 2010 ; for a review, see Bacakova et al., 2008a) . However, the cytotoxic action of fullerenes was usually associated with suspending fullerenes in the cell culture medium (Yamawaki et al., 2006; Gelderman et al., 2008) or UV-light irradiation (Prylutska et al., 2010) , while our fullerene layers were resistant to be dissolved in a water environment, and the cells were cultured in the dark. In addition, the cytotoxic effects of fullerenes are based mainly on the reactivity of fullerenes, which may weaken with time due to the oxidation and polymerization of fullerenes in an air atmosphere, ethanol or cell culture medium, as revealed by Raman spectroscopy. Similarly as in other carbon-based thin films described in this review, the supportive effect of fullerene layers on cell colonization could also be explained by their surface nanostructure, mimicking the nanoarchitecture of the natural ECM, i.e., a physiological substrate for cell adhesion. In addition, the cell colonization could be supported by the presence of oxygen, revealed by Raman spectroscopy. Both the nanostructure and the oxygen content in our C 60 layers may act synergetically by improving the adsorption of cell www.intechopen.com adhesion-mediating ECM molecules, such as vitronectin, fibronectin and collagen, provided by the serum of the culture medium or synthesized by the cells. The spatial conformation of these molecules on our films may also be more appropriate for the accessibility of specific sites on these molecules by cell adhesion receptors. In our studies, fullerenes C 60 were also deposited on microscopic glass coverslips in the form of micropatterned layers, i.e., through a metallic mask with rectangular holes (Grausova et al., 2009c,d) . Proportionally to the increasing temperature and the time of deposition, the thickness of the layers on sites underlying the openings of the grid was 128 ± 8 nm, 238 ± 3 nm, 326 ± 5 nm and 1043 ± 57 nm (data presented as mean ± standard deviation). Fullerene layers were also formed below the metallic part of the grid, where their thickness was usually within the size of the standard deviation. Thus, the fullerene layers contained bulgelike prominences separated by grooves. From day 1 to 7 after seeding, the cells on the layers with the fullerene prominences of 128 ± 8 nm, 238 ± 3 nm and 326 ± 5 nm were distributed almost homogeneously over the entire material surface. Thus, the cell population densities on the prominences and in the grooves, and also the total cell population densities on all three surfaces, were similar. However, the cells on the layers with prominences of 1043 ± 57 nm were found preferentially in the grooves (Fig. 6 ). These grooves contained from 75.0 ± 13.4 % to 99.6 ± 0.3 % of cells, although they occupied only 44 ± 3 % of the material surface. The cell population density in the grooves was about 5 to 192 times higher than on the bulges, and these differences increased with time of cultivation.
On various polymeric, metallic or carbon-based materials, the cells were usually able to colonize the prominences on these surfaces, although these prominences amounted to several micrometers or even tens of µm (for a review, see Bacakova et al., 2008a; Grausova et al., 2009c,d) . Surprisingly, on our fullerene C 60 layers, the MG 63 cells were not able to "climb up" relatively low prominences (i.e., only about 1 µm in height), even at a relatively late culture interval of 7 days after seeding. This may be due to a synergistic action of certain physical and chemical properties of the fullerene bulges less appropriate for cell adhesion, such as their hydrophobicity, a steep rise as well as the tendency of spherical ball-like fullerene C 60 molecules to diffuse out of the prominences (Guo et al., 2007) . In our studies, hybrid C 60 /Ti layers were also formed by co-deposition of C 60 molecules and Ti atoms in an ultra-high vacuum (UHV) chamber (background pressure of ~10 −7 Torr) using the Knudsen cell and electron gun for vaporization of C 60 and Ti, respectively. Ti was chosen as a highly biocompatible metal often used for the construction of bone implants. Its concentration in the layers varied from about 25% to 75%, i.e., from 25 to 75 Ti atoms per 75 to 25 C 60 molecules. Similarly to pure C 60 films, hybrid C 60 /Ti layers also promoted the adhesion and growth of MG 63 cells in a similar or even higher extent compared to standard polystyrene culture dishes and microscopic glass coverslips, and when deposited in micropatterned form, they induced regionally-selective cell adhesion and growth of these cells in grooves among the prominences (Vandrovcova et al., 2008; Vacik et al., 2010; Fig. 6 ).
At the same time, potential DNA damage by the hybrid C 60 /Ti films was analyzed by immunofluorescence staining of markers of DNA damage response, such as phosphorylation of histone H2AX (Bekker-Jensen et al., 2006) and focal recruitment of p53-binding protein (Schultz et al., 2000) . H2AX is a member of the histone H2A family. The formation of nuclear double-strand breaks (DSBs) triggers phosphorylation of H2AX at Ser139, referred as gamma-H2AX. Phosphorylation of H2AX is the first step in recruiting and localizing DNA repair proteins. The combination of phosphospecific antibodies, which recognize the phosphorylated Ser139 residue of gamma-H2AX, with immunofluorescence microscopy document the local phosphorylation through the formation of distinct foci in the vicinity of DSBs and allow for monitoring of their induction and repair. Another important protein involved in DNA repair is the p53 binding protein 1 (53BP1). Efficient 53BP1 focal recruitment depends on a number of upstream factors, including phosphorylation of H2AX at Ser139, recruitment of other mediator proteins (such as MDC1 and the E3 ubiquitin ligase RNF8), methylation of histones H3 and H4 and Tip60 HAT (histone acetyltransferase) activity, which can acetylate histone residues and therefore may facilitate 53BP1 recruitment through the formation of a more open chromatin structure. However, it is important to note that gamma-H2AX is not required for the initial recruitment of 53BP1 immediately following DNA damage. As a positive control to the markers of DNA damage response, a 7-day-long treatment with 2.5 mM thymidine was used. The proliferation activity and morphological changes of the cells were also monitored. After 7 days of cultivation, we observed no cytotoxic morphological changes, such as enlarged cells or cytosolic vacuole formation, which are signs of cell senescence, and no increased induction of cell death. In addition, there was no increased level of DNA damage response on the C 60 /Ti composites. We also found no significant differences in cell population densities and no increased level of DNA damage among various Ti concentrations (Kopova et al., 2010) . These results suggest that fullerenes, in combination with Ti, do not cause cytotoxic injury, and thus this material could be used for coating bone implants. However, Raman spectroscopy revealed that most fullerene Nanocomposite and Nanostructured Carbon-based Films as Growth Substrates For Bone Cells 393 molecules were disintegrated by their co-deposition with Ti, and converted to amorphous carbon (a-C). In addition, the hybrid C 60 /Ti films also contained polymerized and oxidized structures (Vandrovcová et al., 2008; Vacík et al., 2010) .
Carbon nanotubes
Carbon nanotubes are, in comparison with other carbon allotropes, relatively newly discovered carbon nanoparticles, which were first described, synthesized and systemized by Iijima (Iijima and Ichihashi 1993; Iijima 2002) . These tubular structures are formed by a single cylindrically-shaped graphene sheet (single-wall carbon nanotubes, usually referred to as SWNT or SWCNT) or several graphene sheets arranged concentrically (multi-wall carbon nanotubes, referred to as MWNT or MWCNT). Carbon nanotubes have excellent mechanical properties, mainly due to sp 2 bonds. The tensile strength of single-walled nanotubes is about one hundred times higher than that of the steel, while their specific weight is about six times lower (Iijima and Ichihashi 1993; Yakobson et al., 1997; Iijima 2002) . Thus, carbon nanotubes could be utilized in hard tissue surgery, e.g., to reinforce artificial bone implants, particularly scaffolds for bone tissue engineering made of relatively soft synthetic or natural polymers. Carbon nanotubes have been used in combination with poly(carbonate) urethane (Khang et al., 2007 (Khang et al., , 2008 , biodegradable polymers such as polylactic acid (Supronowicz et al., 2002) , propylene fumarate (Shi et al., 2006) , poly(3-hydroxybutyrate) (Misra et al., 2010) , a copolymer of polylactide-caprolactone (Lahiri et al., 2009) or a copolymer of polypyrrole-hyaluronic acid (Pelto et al., 2010) . Also hydroxyapatite (HAp), i.e., a ceramic material widely used in bone tissue engineering, but known for its high brittleness, has been reinforced with carbon nanotubes (Balani et al., 2007; Hahn et al., 2009 ). Carbon nanotubes not only improved the mechanical properties of the mentioned materials, such as tensile (Young's) modulus, compressive and flexural moduli and compressive, flexural and tensile strength in the polymeric materials (Shi et al., 2006; Lahiri et al., 2009; Misra et al., 2010) , and fracture toughness, hardness, elastic modulus and adhesion to the underlying substrate in HAp coatings (Balani et al., 2007; Hahn et al., 2009) , but also increased the attractiveness of these materials for the adhesion, growth, differentiation and phenotypic maturation of cells, such as osteoblasts, chondrocytes and stem cells. One of the mechanisms of the improved cell colonization was an increased adsorption of fibronectin, i.e., an important cell-adhesion mediating ECM protein, to these composites, which has been explained by creating a nanoscale surface roughness of the material by the addition of nanotubes, and also by an increased material surface hydrophilia due to the presence of the polymeric component (pure carbon nanotube surfaces were highly hydrophobic, Khang et al., 2007 Khang et al., , 2008 . Another important mechanism is the electroactivity of carbon nanotubes, i.e., their electrochemical activity, electrical charge and conductivity, which enable electrical stimulation of cells (Supronowicz et al., 2002; Zanello et al., 2006; Khang et al., 2008; Pelto et al., 2010) . For example, osteoblasts cultured on nanocomposites consisting of polylactic acid and carbon nanotubes and exposed to electrical stimulation (current 10 μA, frequency 10 Hz), increased their proliferation activity, concentration of extracellular calcium and mRNA expression for collagen type I (Supronowicz et al., 2002) . Similarly, human chondrocytes cultured on MWCNT/poly(carbonate) urethane composites (weight ratio 1:2) and subjected to electrical stimulation (current 10 μA, frequency 10 Hz) adhered to these substrates in higher numbers and reached higher population densities after 2-day-cultivation than the cells on nonstimulated composites (Khang et al., 2008) .
In our earlier studies (Bacakova et al., 2007b; 2008a) , carbon nanotubes were used for the creation of composite materials by their mixing with terpolymer of polytetrafluoroethylene, polyvinyldifluoride and polypropylene (PTFE/PVDF/PP) or polysulfone (PSU), i.e., polymers which have been considered to be promising for the construction of bone implants. For example, PTFE/PVDF/PP has been tested as a material for septal nasal reconstruction (Scierski et al., 2007) . PSU was used for the creation of composites with bioactive glass particles for potential bone and cartilage tissue engineering (Zhang et al., 2002; Orefice et al., 2007) or for fabrication of bone joint screws (Jan & Grzegorz 2005) .
In our experiments, the carbon nanotubes were expected to reinforce the relatively soft and elastic polymeric materials, and thus to improve their mechanical properties for hard tissue surgery. The other desired function of nanotubes was the formation of prominences in nanoscale on the material surface, which could promote its colonization with bone cells. The PTFE/PVDF/PP-nanotube composites were prepared from a commercially available PTFE/PVDF/PP terpolymer (density of 1600 g/dm 3 , Aldrich Chemical Co., U.S.A.) and single-wall carbon nanohorns (SWCNH; belonging to the single-wall nanotube family) or high crystalline electric arc multi-wall nanotubes (MWCNT). Both types of nanoparticles were purchased from NanoCraft Inc., Renton, U.S.A. SWCNH were 2 to 3 nm in diameter, 30 to 50 nm in length, and 19 o closed end (referred to as a horn). The diameter of MWCNT ranged from 5 to 20 nm and the length from 300 to 2000 nm. PTFE/PVDF/PP was dissolved in acetone to a concentration of 0.1 g/ml, and mixed with 2, 4, 6 or 8 wt. % of SWCNH or MWCNT. The suspensions were then exposed to ultrasound in a PARMER INSTRUMENTS sonicator (model CP 130PB, power 130W, frequency 20 kHz) for 10 minutes at 20 o C in order to prevent clustering of the nanoparticles. Finally, the suspensions were poured on to Petri dishes and left to evaporate the solvent (Bacakova et al., 2007b (Bacakova et al., , 2008a . The addition of SWCNH or MWCNT to the PTFE/PVDF/PP terpolymer markedly improved several parameters of the adhesion and growth of human osteoblast-like MG 63 cells (Bacakova et al., 2007b (Bacakova et al., , 2008a . They were well-spread, polygonal, and contained distinct beta-actin filament bundles, whereas most cells on the pure terpolymer were less spread or even round and clustered into aggregates (Fig. 7) . The enzyme-linked immunosorbent assay (ELISA) revealed that the cells on the material with 4 wt. % of SWCNH contained a higher concentration of vinculin (by 64 % and 69 %), a component of focal adhesion plaques, in comparison with the values in cells on the pure terpolymer and tissue culture polystyrene, respectively. The concentration of talin, another important integrin-associated focal adhesion protein, was also higher in cells grown on terpolymer samples with 4 and 8 wt.% of SWCNH (by 35 % and 28 %, respectively). In addition, the cells on carbon nanotube-terpolymer composites were more active in proliferation, which was most apparent on samples with 4 wt. % of MWCNT. On day 7, the cells on this composite reached a population density 4.5 times higher (228 000 ± 10 050 cells/cm 2 ) than the density on the unmodified PTFE/PVDF/PP (50 300 ± 5 400 cells/cm 2 ). After the addition of SWCNH or MWCNT, the wettability of the composite material was relatively low (sessile water drop contact angle from 99 ± 7 o to 105 ± 2 o ) and unchanged in comparison with the non-modified terpolymer (contact angle 100 ± 4 o ). However, the addition of carbon nanotubes significantly increased the nano-and submicron-scale surface roughness. The R a parameter (i.e., departures of the roughness profile from the mean line) measured by AFM, ranged from 101 ± 15 nm to 150 ± 23 nm on the nanotube-modified samples, whereas on the pure terpolymer, it was only 30 ± 5 nm. Thus, the increased nanoand submicron-scale surface roughness could explain the beneficial effects of the terpolymer-nanotube composites on the adhesion and growth of MG 63 cells.
On the other hand, the terpolymer-carbon nanotube composites also displayed microscale surface roughness, ranging from 0.59 ± 0.1 µm to 2.22 ± 0.36 µm in the composites with 2 to 8 wt. % of SWCNT, and from 0.41 ± 0.01 µm to 1.63 ± 0.3 µm in the material with 2 to 8 wt. % of MWCNT, as measured by surface profilometry (T500 Hommel Tester, Hommelwerke Co., Germany). The microscale roughness was most probably due to clustering of carbon nanotubes and to prominences of these microclusters on the material surface (Bacakova et al., 2007b (Bacakova et al., , 2008a ). An increase in the microscale surface roughness in polymer-carbon nanotube composites has been considered as a factor decreasing the colonization of the composites with cells. For example, on poly(3-hydroxybutyrate)/bioactive glass composites with MWCNT, the cell population density and growth rate of MG 63 cells decreased proportionally to the increasing concentrations of MWCNT (2, 4, 7 wt. %) and increasing microscale surface roughness (RMS from 6 ± 2 to 10 ± 2 µm) of the material (Misra et al., 2010) . Also in our study, the cell adhesion and growth of MG 63 cells (evaluated by the concentration of integrin-associated proteins talin and vinculin and the cell population density) was, in most cases, the highest on composites with 4 wt. % of SWCNT or MWCNT (R a in both cases about 1 µm) and then decreased (Bacakova et al., 2008a) . The polysulfone-nanotube composites were prepared by a similar manner from a commercially available polysulfone (Aldrich Chemical Co., U.S.A.) and SWCNH or MWCNT referred to above. PSU was dissolved in dichloromethane to a concentration of 0.1 g/ml and mixed with 0.5, 1.0 or 2.0 wt.% of SWCNH or MWCNT. The suspensions were then sonicated, poured on to Petri dishes and left to evaporate the solvent (Bacakova et al., 2008a) . The addition on carbon nanotubes to PSU usually did not significantly influence the adhesion, spreading, morphology and growth of MG 63 cells in cultures on these materials (Fig. 7) . From days 1 to 5 after seeding, the cell numbers on these composites were usually similar to the values found on the pure PSU. Only the cell adhesion area, measured on day 3 after seeding, was significantly larger on PSU with 2 wt. % of MWCNT (1 770 ± 90 µm 2 ) than on pristine PSU (1 330 ± 70 µm 2 ) and cell culture polystyrene dishes (1 400 ± 110 µm 2 ). These results could be explained by a relatively higher surface hydrophilicity of the pure PSU (water drop contact angle 85 ± 5 o ) than of the terpolymer PTFE/PVDF/PP (contact angle 100 ± 4 o ), which might mask the supportive effects of the surface nano-roughness, created by the addition of carbon nanotubes (R a from 11 ± 4 nm to 27 ± 8 nm versus 4 ± 2 nm on the pure PSU, as measured by AFM), on the cell colonization. After the addition of carbon nanotubes, the surface hydrophilicity of the materials slightly decreased on average (i.e., the water drop contact angle increased from 85.0 ± 5 o to 93 ± 4 o ), but these differences were not statistically significant. Also in the form of thin films, carbon nanotubes acted as good substrates for cell colonization. Carbon nanotubes deposited on various substrates, such as polycarbonate membranes , glass coverslips (Holy et al., 2009) , titanium (Terada et al., 2009) , silicone rubber (Matsuoka et al., 2009) , or pressed in compacts (Li et al., 2009a) markedly improved the adhesion, proliferation and differentiation of cells in cultures on these films in comparison with the non-coated materials or pure graphite. Similarly as in the composites of carbon nanotubes with polymers and ceramics, these favorable effects were mediated by an increased adsorption of specific proteins promoting cell adhesion, growth and differentiation, such as cell adhesion-mediating proteins from the serum of the culture medium , Li et al., 2009a and bone morphogenetic protein-2 (Li et al., 2009b) , and particularly by the electrical activity of carbon nanotubes (Zanello et al., 2006) . The electroactivity of carbon nanotube films makes these materials advantageous for tissue engineering applications involving electrically excitable tissues, such as muscles and nerves.
www.intechopen.com For example, SWCNT films sprayed on glass coverslips promoted the outgrowth of neurites and enlargement of the neuron cell body area in hippocampal neurons isolated from newborn rats (Malarkey et al., 2009) . The hybrid neuroblastoma*glioma cell line NG108, a model of neuronal cells, and also primary rat peripheral neurons, were electrically coupled to conductive SWCNT films and showed robust voltage-activated currents when electrically stimulated through these substrates (Liopo et al., 2006) . Also mouse embryonic neural stem cells, isolated from the brain cortex and seeded on layer-by-layer assembled SWCNTpolyelectrolyte multilayer thin films, were successfully differentiated to neurons, astrocytes, and oligodendrocytes with clear formation of neurites. The neurite outgrowth and expression of specific cell type markers, such as nestin (a marker of neuronal stem cells), microtubule-associated protein 2 (MAP2; a marker of neurons), glial fibrillary acidic protein (anti-GFAP; a marker of astrocytes) and oligodendrocyte marker (O4) in cells cultured on the SWCNT films were similar as on poly-L-ornithine, i.e., one of the most widely used growth substrata for neural stem cells (Jan and Kotov 2007) . Not only continuous films, but also micropatterned carbon nanotube films have been applied for directed adhesion and growth of osteoblasts and neurons. For example, MWCNT were deposited by a hot embossing imprint lithography process on polycarbonate substrates, where they formed 28 different patterns of microscale lanes and circles. The feature diameters and spacing ranged from 9 to 76 μm. Osteoblast-like MC3T3-E1 cells seeded on these surfaces showed a maximum alignment (55 ± 6% of cells) to the microlane patterns with the lane diameter of 16 µm and spacing of 14 µm, and no significant alignment to microcircle patterns (Eliason et al., 2008) . Microdomains of carbon nanotubes (CNT) patterned on non-adhesive substrates, such as clean glass or quartz surfaces, also functioned as effective anchoring sites for neurons and glial cells in vitro, and thus provided a means to form complex, engineered, interconnected neuronal networks with pre-designed geometry via utilizing the self-assembly process of neurons. Depositing these CNT islands onto a multielectrode array chip can also facilitate electrical interfacing between the electrodes and the neurons (David-Pur et al., 2010) . In addition, the communication between neurites of neurons attached to different nanotube-containing domains induce a mechanical tension in the neuronal network, which serves as a signal for survival of the axonal branch and perhaps for the subsequent formation of synapses (Eliason et al., 2008) . Neuronal networks developed on surfaces micropatterned with CNT domains can be utilized not only for neural tissue engineering, but also as advanced neuro-chips for bio-sensing applications, e.g., drug and toxin detection (Sorkin et al., 2006) . Carbon nanotube films can be deposited not only on planar 2D substrates, but also on threedimensional matrices, i.e., on the walls of pores inside sponge-like collagenous scaffolds for bone tissue engineering. MWCNT deposited on these scaffolds improved the ingrowth of mouse osteoblast MC3T3-E1 cells and human osteosarcoma SaOs-2 cells inside the scaffolds, increased the strength of the cell adhesion and cell number (measured by DNA content), when compared to the scaffolds without nanotubes (Hirata et al., 2009 (Hirata et al., , 2010 . Despite all of these encouraging results, the potential cytotoxicity of carbon nanotubes should also be taken into account. Cytotoxicity of carbon nanotubes were mainly reported in cases when the nanotubes were dispersed in a liquid environment and could penentrate through the cell membrane inside the cells. For example, multi-wall carbon nanotubes (MWCNT) administered intrascrotally behaved as a carcinogen and induced intraperitoneally-disseminated mesothelioma in male Fischer 344 rats (Sakamoto et al., 2009) . Carboxylated SWCNT and MWCNT, suspended in the culture medium (concentrations 3, 6 and 30 µg/ml) and added to multipotent mesenchymal stem cells decreased the proliferation, viability, osteogenic differentiation (measured by the activity of alkaline phosphatase), matrix mineralization and also adipogenic differentiation (determined by staining intracytoplasmic lipids with Oil Red O) in these cells. SEM and TEM images revealed that carbon nanotubes might interact with proteins located on the cell membrane or in the cytoplasm, which has a further impact on subsequent cellular signaling pathways. Q-PCR results and Western blot analysis together verified that the inhibition of proliferation and osteogenic differentiation of MSCs may be modulated through a Smad proteindependent bone morphogenetic protein signaling pathway . In addition, carbon nanotubes were revealed to act as cytotoxic not only in suspension, but also in the form of films. Thin films consisting of a SWCNT network, deposited on glass coverslips, were inhibitory to the proliferation, viability, and neuritegenesis of rat pheochromocytoma PC12 cells, and also to the proliferation of human fetal osteoblasts cultured on the top of these substrates, whereas these effects were not observed in cells grown on reduced graphene oxide films. As shown by MTT assay, based on the reduction of a tetrazolium bromide to a purple formazan in living cells, the SWCNT network decreased the activity of mitochondrial enzymes. However, at the same time, similar conductive carbon nanotube networks have been used to electrically stimulate neurons, facilitated propagation of action potentials, boosted neuronal electrical signaling and have been considered to be promising for neural tissue engineering (Agarwal et al., 2010) .
Conclusion and further perspectives
It can be concluded that all carbon-based materials discussed in this chapter, i.e., hydrocarbon plasma polymers and amorphous carbon (especially when enriched with Ti), nanocrystalline diamond films (particularly those doped with boron), pyrolytic graphite/carbon, fullerenes C 60 , binary C 60 /Ti composites and carbon nanotube-containing substrates provided good supports for the adhesion and growth of cell types present in the bone tissue, such as osteoblasts, endothelial cells or vascular smooth muscle cells. In the form of thin films, all these materials could be used for the coating of bone implants, in which a firm and fast integration with the surrounding bone tissue is desirable, e.g., boneanchoring parts of joint prostheses or dental replacements. For this purpose, nanocrystalline diamond films are particularly suitable, because they are mechanically and chemically resistant, non-cytotoxic and provide excellent support for the adhesion, spreading, viability, growth and maturation of osteogenic cells. Their beneficial effect on cell colonization can be further enhanced by boron doping, which renders these films electrically conductive and thus enabling electrical stimulation of cells. Electrical conductivity and increased adsorption of molecules mediating cell adhesion or stimulating osteogenic cell differentiation is also characteristic for carbon nanotubes; however, their potential cytotoxicity should be taken into account. Cytotoxicity is also a main risk of fullerene-based films, although in our studies, these films supported the colonization with osteogenic cells to a similar extent as on standard cell culture substrates, such as polystyrene dishes and microscopic glass coverslips. Moreover, binary C 60 /Ti composite films did not cause DNA damage, as revealed by immunoflurescence of markers of DNA damage response, such as gamma-H2AX and 53BP1. In addition, fullerenes, C 60 /Ti composites, carbon nanotubes and nanocrystalline diamond can be deposited in the form of micropatterned surfaces for regionally-selective adhesion, directed growth and controlled function of cells. Micropatterned and electroconductive substrates also have great potential to be applied for the construction of biosensors and biostimulators.
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